Background {#Sec1}
==========

While the ubiquity of neuroinflammation in schizophrenia has been challenged \[[@CR1]\], it is clear that elevated brain cytokine expression is found in a subset of people with schizophrenia \[[@CR2]--[@CR4]\]. It is possible that individuals with elevated brain cytokine expression belong to a distinct inflammatory "biotype", in which biotype is defined as a subset of individuals identified as being similar based on levels of a biological marker or a combination of biological markers \[[@CR5]\]. Previous work in our laboratory has shown that this apparent inflammatory biotype of schizophrenia based on cortical cytokine expression may also be identified in a living clinical cohort based on peripheral cytokine expression \[[@CR6]\] with \~ 40% of people with schizophrenia classified in the elevated inflammatory biotype based on measures from the post-mortem brain or from peripheral white blood cells. Recent studies of major depression and bipolar affective disorder by Andrew Miller and colleagues have demonstrated the utility of stratifying individuals by inflammatory status; they found that those who responded to anti-inflammatory treatment had transcriptional changes in the innate immune system \[[@CR7]\]. In clinical trials with individuals with major depression, they showed significant improvement in symptoms \[[@CR8]\] after an anti-inflammatory (infliximab) treatment and improved quality of sleep \[[@CR9]\], but only in those individuals with elevated inflammation defined as elevated C-reactive protein (CRP) levels. Such stratification may also be helpful in schizophrenia. For example, we have found that the high inflammatory biotype of schizophrenia is more likely to display lower levels of inhibitory interneuron markers, greater cortical grey matter reduction and signs of astrogliosis \[[@CR2], [@CR10], [@CR11]\]. Identifying this subgroup of individuals may help to determine who could respond best to novel anti-inflammatory treatments.

In our previous studies, we found a significantly higher proportion of people with schizophrenia versus healthy controls with elevated cytokines and an inflammation-associated reduction in brain volume \[[@CR6], [@CR11]\]. While we found decreased cognitive ability in people with schizophrenia with elevated cytokine expression, this correlation was not evident in controls with elevated cytokine expression \[[@CR6]\]. This suggests that the peripheral inflammatory process may reflect altered brain and behaviour in people with schizophrenia, more strongly than in controls. Thus, in controls the tissue targeted by inflammation relating to elevated peripheral cytokines may be outside the brain. Indeed, some individuals will have increased inflammation due to a variety of causes (e.g. *minor* infections, allergies, asthma, arthritis and autoimmunity). Thus, the combination of overt brain dysfunction (such as psychiatric symptoms) and peripheral inflammation may be informative of a subtype of schizophrenia, but will not likely be used as a blood screen to simply diagnose schizophrenia in isolation of the clinical interview or patient history. However, as there are many thousands of inflammation-related molecules that can be measured in the blood, some further assessment as to which molecules are most reliable and informative of this putative subtype, the "inflammatory biotype", of people with schizophrenia is needed.

There have been a number of studies identifying changes in cytokine proteins in the peripheral blood of prodromal, first episode, acutely ill and chronically ill people with schizophrenia. Brian Miller and colleagues performed a meta-analysis combining data from 40 studies which demonstrated increases in peripheral protein levels of eight pro-inflammatory cytokines \[Interleukin (IL)-1, IL-6, IL-8, IL-12, tumour necrosis factor alpha (TNFα), transforming growth factor beta (TGF-β), interferon gamma (IFNγ), soluble IL-2 receptor (sIL2R)\] and decreases in two anti-inflammatory cytokines (IL-2 and IL-10) as well as an increase in IL-1 receptor antagonist (IL-1RA) in chronically ill people with schizophrenia and in people with first episode psychosis compared to healthy controls \[[@CR12]\]. While they showed that the levels of three cytokines, IL-1β, IL-6 and TGF-β, appear to decrease with antipsychotic treatment, it is likely that these cytokines remain elevated compared to controls as increases in cytokines are typically found in chronically medicated patients \[[@CR13]\] as well. A recent paper from the North American Prodrome Longitudinal Study (NAPLS), assessing people at high-risk for schizophrenia showed that the combination of increases in peripheral blood levels of several interleukins (IL-1, IL-7 and IL-8) and molecules capable of modulating the blood-brain barrier function can be used to predict conversion to psychotic illness \[[@CR14]\]. Additionally, blood levels of these molecules correlated with the degree of positive symptoms (delusional ideas), cognitive deficits in attention and an increase in dysphoric moods \[[@CR14]\]. While increased inflammatory signals were also found in the context of changes in markers of stress axis dysregulation, these results suggest that defining individuals with elevated peripheral cytokines may be useful to identify those that are at high risk of proceeding to worsening psychopathology.

We recently reported that cytokine mRNA transcripts derived from peripheral blood may be used to identify a subset of people with chronic schizophrenia with elevated inflammation \[[@CR6]\]. However, how these mRNA measures correspond to the more commonly measured changes in peripheral cytokine proteins has not been demonstrated in people with schizophrenia. Indeed, some studies suggest that measuring (cytokine) mRNA expression from white blood cells may not correlate with changes in circulating protein measurements from plasma and serum \[[@CR15]--[@CR17]\]. Further, since there are distinct molecular levels at which cytokine levels can be measured, one at the steady-state mRNA level and one at the steady-state protein level, each requiring different collection and assay methods, comparative data on each measure would help to prioritise the collection methods of ongoing and future studies in psychiatric populations. Cytokines selected in this study were based on published findings showing changes in specific cytokines in schizophrenia by our group and others \[[@CR2], [@CR6], [@CR12]\].

In the present study, we measured inflammation-associated peripheral cytokine mRNA levels together with protein levels in the same cohort of people with schizophrenia compared to healthy controls. We aimed to (1) test for schizophrenia associated peripheral cytokine changes, (2) identify a subset of people with schizophrenia who display increased inflammation based on cytokine mRNA transcripts derived from white blood cells and (3) examine if these inflammatory subgroups show similar patterns of change in peripheral protein levels in both serum and plasma for a range of pro- and anti-inflammatory cytokines. We hypothesised that pro-inflammatory cytokines may be elevated and the anti-inflammatory IL-2 may be reduced in schizophrenia compared to healthy controls. We expected to identify a subgroup of people with elevated cytokine expression by cluster analysis, and we hypothesised that this subgroup would have proportionally more people with schizophrenia than healthy controls. We hypothesised that cytokine protein changes in serum and/or plasma may be reflective of an elevated inflammatory subset as defined by elevated cytokine mRNA expression.

Methods {#Sec2}
=======

Participants {#Sec3}
------------

Ninety-seven people diagnosed with schizophrenia or schizoaffective disorder were recruited from sites in Sydney and Adelaide, Australia, via either clinician or self/family referral following a nationally televised documentary. All patients were living in the community and had been receiving antipsychotic medication for at least 1 year prior to entry in the study. Patient symptom severity scores revealed that the patients displayed mild-to-moderate symptom severity. While the primary purpose of recruitment was for enrolment in a double-blind, placebo-controlled, cross-over trial of adjunctive raloxifene \[[@CR18]\], measures taken at baseline prior to commencement of the trial were used for analysis in the current study. To create a control group of unaffected individuals for our case-control study, 87 healthy controls were concurrently recruited through advertisements at the University of New South Wales and the local community in Sydney and Adelaide Australia. We obtained blood samples for RNA extraction from 90 patients and 75 controls (Table [1](#Tab1){ref-type="table"}). Plasma and serum was measured from a subset of participants used for the mRNA study (*n* = 85 and 78 patients, respectively, and *n* = 71 and 65 controls, respectively).Table 1Cohort demographicsFull cohortCytokine groupsDemographicControl (*n* = 75)Schizophrenia (*n* = 90)DifferenceCon low (*n* = 46)Con elevated (*n* = 22)SCZ low (*n* = 43)SCZ elevated (*n* = 39)DifferenceAge in years (median + range)29 (20--50)35 (20--51)U = 2339, *p* \< 0.00128 (20--50)31 (22--49)35 (20--51)35 (20--50)*H(3) = 13.41, p \< 0.01*Gender36 F:39 M37 F:53 Mχ^2^ = 0.787, *p* = 0.37520 F:26 M13 F:9 M19 F:24 M16F:23 Mχ^2^ = 2.059, *p* = 0.560RIN ± SD7.89 ± 1.117.61 ± 1.00U = 2666.5, *p* = 0.0288.23 ± 0.607.79 ± 1.267.81 ± 0.677.42 ± 1.18*H(3) = 8.55, p = 0.036*Age of onset (in years and range)22.7 (12--46)22.5 (12--46)22.8 (16--32)U = 920, *p* = 0.448Duration of illness in years13.0 ± 7.5112.7 (3--29)13.8 (2--31)U = 932.5, *p* = 0.382PANSS positive15.2 ± 4.5615.0 ± 4.4915.2 ± 4.43t(80) = −0.187, *p* = 0.852PANSS negative14.4 ± 6.1314.8 ± 5.7013.7 ± 6.55U = 714, *p* = 0.247PANSS general30.7 ± 8.8030.3 ± 8.130.7 ± 9.3U = 829, *p* = 0.930PANSS total60.3 ± 16.7060.2 ± 15.459.6 ± 17.7U = 796, *p* = 0.693Mean daily chlorpromazine equivalent dose (mg)558 ± 474546 ± 489569 ± 501U = 834, *p* = 0.967Body mass index30.9 ± 6.4630.4 ± 6.5530.9 ± 6.41t(69) = −0.341, *p* = 0.734Notes: All values, except age, are *mean ± SD* standard deviation, *PANSS* Positive and Negative Symptom Scale, *RIN* RNA integrity number

Antipsychotic doses were obtained from the treating physician and converted to mean daily chlorpromazine equivalent dose \[[@CR19], [@CR20]\]. For 78 patients, height and weight was collected for body mass index (BMI) calculation. Diagnostic status was determined using the Structured Clinical Interview for DSM-IV-TR (Diagnostic and Statistical Manual of Mental Disorders 4, text revision) \[[@CR21]\] administered by a trained clinician and independently confirmed by another physician.

The Positive and Negative Syndrome Scale (PANSS) was administered by trained psychologists or psychometricians to all patients to obtain measures of positive, negative, general psychopathology and total symptom severity \[[@CR22]\]. Patients with a concurrent DSM-IV Axis I psychiatric diagnosis, a history of substance abuse or dependence (within the past 5 years), head injuries with loss of consciousness, seizures, central nervous system infections, uncontrolled diabetes or hypertension, or mental retardation were excluded. Women were excluded if they were currently pregnant. Exclusion criteria for the control group included a personal history of, or a first-degree relative with a DSM-IV Axis I psychiatric diagnosis, history of substance abuse or dependence (within the past 5 years), head injuries with loss of consciousness, seizures, central nervous system infections, uncontrolled diabetes or hypertension, pregnancy, or mental retardation.

Prior to participation in the study, procedures were explained and written informed consent was obtained from all participants. The study was approved by the South Eastern Sydney and Illawarra Area Health Services (07-259), the University of New South Wales Human Research Ethics Committees (07-121 and 09-187) and the Queen Elizabeth Hospital Ethics and Human Research Committee, Adelaide (2010188).

Sample collection and preparation {#Sec4}
---------------------------------

Peripheral blood was collected from all participants, in the morning between 9 and 11 am in 9 mL acid citrate dextrose (ACD-B) tubes (BD Biosciences, North Ryde, New South Wales, Australia), 8 mL serum-separating tubes (SST) (Vacutainer, Becton Dickinson, Franklin Lakes, NJ, USA) and 9 mL ethylenediaminetetraacetic acid (EDTA) tubes (Vacuette Vacutainer, Greiner Bio-One, Kremsmünster, Austria).

Total RNA was extracted from white blood cells using the Trizol method (Invitrogen, Carlsbad, CA, USA), and cDNA was synthesised with the Invitrogen Superscript III kit (Invitrogen, Carlsbad, CA, USA) as previously described \[[@CR23]\]. Plasma was collected from EDTA tubes via centrifugation at 4 °Celsius for 15 min at 2000 x *g*. SST tubes were incubated at room temperature for 30 min to allow the blood to clot. Upon clotting, the serum was then collected via centrifugation at 4 °Celsius for 5 min at 2000 x *g*. Plasma and serum were aliquoted into protein low-binding tubes (Eppendorf, Hamburg, Germany) and were stored at − 80 °C.

Quantitative real-time PCR {#Sec5}
--------------------------

Transcript levels were measured by quantitative PCR using Applied Biosystems' 7900HT Real-time PCR system (Foster City, CA, USA). Pre-designed Taqman Gene Expression Assays; Interleukin-1β (Hs01555410_m1), Interleukin-2 (Hs00174114_m1), Interleukin-6 (Hs00174131_m1), Interleukin-8 (HS00174103_m1) and Interleukin-18 (Hs01038788_m1) (Applied Biosystems, Foster City, CA, USA) were used to quantify expression of the cytokine genes. Three housekeeper genes; Peptidylprolyl isomerase A (Hs99999904_m1), TATA box binding protein (Hs00427620_m1), and ubiquitin C (Hs00824723_m1) and its corresponding geometric mean was used for normalisation of the data.

Data analyses {#Sec6}
-------------

All analyses were done using the Statistical Package for Social Sciences (version 23, IBM, Armonk, NY, USA) or GraphPad Prism (version 6.04 La Jolla, CA, USA). The alpha was set to 0.05 for all analyses.

Protein assays {#Sec7}
--------------

Cytokines were assayed using a Luminex Magpix-based assay (Luminex corporation, Austin, TX, USA). Eight cytokines (IFNγ, TNFα, IL-1β, IL-2, IL-6, IL-8, IL-10 and IL-12 from the Human High Sensitivity T-Cell panel (HST-CYTOMAG60SK, Merck Millipore, Billerica, MA, USA) were analysed, IL-18 was not compatible with the other cytokine assays in this panel and was not measured at the protein level. Serum and plasma samples were thawed at 4 °C and were centrifuged at 1400*g* to remove any aggregate protein that may potentially obstruct the measurement. The supernatant was then transferred to a fresh tube and was diluted 1:2 in assay buffer. A 10-point standard curve with serial dilutions of 1:4 was generated using reconstituted stock standards supplied by the manufacturer; quality controls supplied by the manufacturer were also used to determine assay accuracy. The data was generated using the Millipore Analyst Software (Merck Millipore, Billerica, MA, USA), which calculated average values against a 5-parameter logistic standard curve corrected by background readings. Plasma samples were assayed in duplicate. The average coefficient of variance for duplicate values across analytes for plasma was 0.75%. In plasma, the coefficient of variance in the internal controls across all plates was 52.55%. Having found the coefficient variance between duplicate measures in plasma to be minimal (\< 2%) relative to the inter-plate variance, we decided to maximise the number of samples per plate by measuring serum samples without duplicate values. In serum, the coefficient of variance in the internal controls across all plates was 24.03%. The average minimum detectable value across all plates was 0.14 pg/mL for IFNγ, 0.28 pg/mL for IL-10, 0.10 pg/mL for IL-12, 0.23 pg/mL for IL-1β, 0.10 pg/mL for IL-2, 0.05 pg/mL for IL-6, 0.40 pg/mL for IL-8 and 0.12 pg/mL for TNFα.

### mRNA measures {#Sec8}

Separate gene expression experiments were performed for the cohort of 43 controls and 43 patients \[[@CR6]\] and for the additional 32 controls and 47 patients who entered the same study at a later time point. In order to analyse these separately run gene expression experiments as a combined cohort, a delta delta Ct (2^−ΔΔCt^) analysis was performed on cycle threshold (Ct) values of all measured cytokines for both experiments \[[@CR24], [@CR25]\]. The Ct geometric mean of the three housekeeper genes was used as the internal reference. The average ΔCt of the controls in the first experiment (*n* = 41) and the average ΔCt of the controls in the second experiment (*n* = 36) were used as the calibrators. PCR efficiency across all genes averaged 87.1% ± 6.1%.

Protein concentrations and ΔΔCt mRNA expression values were tested for normality (Shapiro-Wilk) and homogeneity of variances (Levene's test), IL-6 and IL-8 protein levels in the serum were log transformed to achieve normality. If normality could not be achieved through (log) transformation, non-parametric test were used for analyses. Variables that may contribute to mRNA levels (age, sex and RIN) were included as covariates to the GLM (ANCOVA), but were not found to be significant (*p* \> 0.05) and were removed again.

To identify inflammatory subgroups based on cytokine mRNA expression, a recursive two-step cluster analysis was performed on the entire cohort. Since we were interested in defining subgroups with increased inflammation and IL-2 is (mainly) an anti-inflammatory cytokine, we excluded IL-2 from the clustering analysis. Any missing values were replaced by an expectation maximisation (EM) algorithm for the four pro-inflammatory cytokines. Only individuals with gene expression data on at least three out of four pro-inflammatory markers were included in the EM algorithm, others were removed (1 patient, 3 controls). Cytokine values \> 2 standard deviations from the group mean were considered outliers. Individuals were excluded from clustering if two or more cytokines were outliers (7 patients, 4 controls). The clustering was performed with 68 controls and 82 patients (Table [1](#Tab1){ref-type="table"}). The resulting model of three clusters had an overall model quality (Silhouette measure) of 0.5, all four variables (IL-18, IL-1β, IL-6, IL-8 in order of contribution) significantly contributed to the model (≥ 0.33 on a scale from 0.1--1.0). To test our hypothesis that people with schizophrenia were more likely to be in the elevated cytokine group than healthy controls, a one-sided Fisher exact test was performed between the low and elevated cytokine groups for people with schizophrenia and healthy controls. Bootstrapping of the cluster algorithm was performed to test the robustness of our clusters. Clustering was performed 10,000 times on subsamples of 135 (*n* - 15) subjects, randomly selected without replacement.

### Protein measures {#Sec9}

A minimum detectable value replacement was performed for data points below the respective minimal detectable value on all protein analytes (on average, 7 data points per analyte), with the exclusion of plasma TNFα and IL-1β (which had a higher degree of missing data). TNFα performed poorly in the plasma and had to be excluded. Only 41% (*n* = 64) of IL-1β samples in the plasma could be detected, plasma IL-1β was included in further analyses but without minimum detectable value replacement (undetectable values were spread proportionally across the different groups).

Percentage difference of all groups compared to low cytokine controls was calculated for all cytokine-mRNA expression levels, plasma protein concentrations and serum protein concentrations, values \> two standard deviations from the group ((1) low cytokine control, (2) elevated cytokine control, (3) low cytokine schizophrenia and (4) elevated cytokine schizophrenia) means were excluded. As no significant covariates (age, sex) were identified, differences between groups were tested with a Kruskal-Wallis test for non-parametric data with a correction for multiple comparisons (Bonferroni). For the schizophrenia subgroups, we tested for differences in age of onset, duration of illness, BMI, symptom severity (PANSS) and antipsychotic dose (chlorpromazine equivalent) between the low and elevated cytokine groups.

Results {#Sec10}
=======

Diagnostic differences in blood cytokine measures {#Sec11}
-------------------------------------------------

We found that IL-2 mRNA (ΔΔCt) was significantly decreased in people with schizophrenia (median = 0.64) as compared to healthy controls (median = 1.00), *U* = 1898, *p* = 0.006 (Fig. [1](#Fig1){ref-type="fig"}). No further significant diagnostic differences in cytokine mRNA levels were found (all *p* \> 0.05).Fig. 1Diagnostic differences in peripheral cytokine expression and protein concentrations. IL-2 mRNA expression level (ΔΔCt) in leukocyte cells is significantly decreased in schizophrenia (*p* = 0.006). There are significant increases in serum protein concentration for the cytokines IL-6 (*p* = 0.010), IL-8 (*p* = 0.024) and TNFα (*p* \< 0.001) in schizophrenia. Bars represent the median with 95% confidence interval (IL-2) or the mean with standard error of mean (IL-6, IL-8 and TNFα)

Overall, serum IL-6 protein levels were significantly increased (t(110) = − 2.62, *p* = 0.010) in people with schizophrenia (mean = 2.24 pg/ml, SD = 1.32) compared to healthy controls (mean = 1.73 pg/ml, SD = 1.08) (Fig. [1](#Fig1){ref-type="fig"}). Similar results were found for IL-8 (t(110) = −2.92, *p* = 0.024) and TNFα (*U* = 799.5, *p* \< 0.001) proteins in the serum which were both significantly higher in people with schizophrenia (IL-8 mean = 10.29 pg/ml, SD = 4.88; TNFα median = 10.94 pg/ml) than in healthy controls (IL-8 mean = 8.13 pg/ml, SD = 2.93; TNFα median = 8.08 pg/ml) (Fig. [1](#Fig1){ref-type="fig"}). No further significant differences were found in the protein levels of IFNγ, IL1β, IL-2, IL-10 or IL-12 in either serum or plasma when comparing diagnostic groups (all *p* \> 0.05).

Defining the high inflammatory biotypes using mRNA clustering {#Sec12}
-------------------------------------------------------------

The recursive two-step cluster analysis used to define subgroups of people based on pro-inflammatory cytokine mRNA levels yielded three inflammatory subgroups. Cluster 1 (*n* = 89) had a below median expression across all four pro-inflammatory cytokines (IL-1β, IL-6, IL-8, IL-18) and was termed "low cytokine expression". Cluster two (*n* = 50) had above median expression for two cytokines (IL-18, IL-8) and above third quartile expression for the other two cytokines (IL-1β, IL-6), this cluster was termed "high cytokine expression". The third cluster (*n* = 11) had above third quartile expressions for all four pro-inflammatory cytokines, all higher than the second cluster and this subgroup was termed "very high cytokine expression". For further analysis, we combined cluster two and three into one group termed "elevated cytokine expression" and compared this group to the low cytokine expression group. Almost half (47.6%) of the people with schizophrenia were in the elevated cytokine expression group compared to nearly one third (32.4%) of healthy controls with elevated cytokine expression. People with schizophrenia were significantly more likely (*p* = 0.042, Fisher's exact test) to be in the elevated cytokine expression group than healthy controls (Fig. [2a](#Fig2){ref-type="fig"}).Fig. 2Inflammatory clustering based on peripheral cytokine expression levels. A recursive two step cluster analysis with mRNA expression levels (ΔΔCt) of the cytokines IL-18, IL-1β, IL-6 and IL-8 (in order of contribution) yielded 3 subgroups. (**a**). Increased differences in levels of cytokine expression as compared to low cytokine controls were found for the elevated cytokine group (encompassing groups with high and very high cytokine expression) for all cytokines, regardless of diagnosis (**b**). Bars represent the mean ± standard error (^*&*^ *p* \< 0.10, \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001)

No differences between low and elevated cytokine expression subgroups were found within schizophrenia for age of disease-onset, duration of illness, symptom severity (PANSS), antipsychotics dose (chlorpromazine equivalent), BMI or gender (Table [1](#Tab1){ref-type="table"}).

The elevated cytokine groups showed significant (all *p* ≤ 0.001, Kruskal-Wallis test with Bonferroni correction) increases compared to the low cytokine groups for all tested cytokine mRNAs regardless of diagnosis \[IL-1β (H(3) = 73.308, *p* \< 0.001), IL-2 (H(3) = 47.499, *p* \< 0.001), IL-6 (H(3) = 51.922, *p* \< 0.001), IL-8 (H(3) = 46.788, *p* \< 0.001), IL-18 (H(3) = 34.758, *p* \< 0.001)\] (Fig. [2b](#Fig2){ref-type="fig"}). When compared to the low cytokine control group, cytokine expression levels were increased by 154% in the elevated cytokine control group, decreased by 13% in the low cytokine schizophrenia group and increased by 85% in the elevated cytokine schizophrenia group. IL-2 also showed a difference between elevated cytokine controls and elevated cytokine schizophrenia subgroups, with schizophrenia patients being significantly (*p* = 0.007) lower than controls by 49%. A trend towards a significant difference was found between low cytokine controls and low cytokine schizophrenia in IL-2 mRNA expression (*p* = 0.072) (Fig. [2b](#Fig2){ref-type="fig"}). No further effect of inflammatory subgroup was found for any of the other cytokines. See Additional file [1](#MOESM1){ref-type="media"}: Table S1 for a summary of all cytokine mRNA results.

Using bootstrapping to test the robustness of our cluster analysis, people with schizophrenia were more likely than healthy controls to be in the elevated cytokine expression group (*p* = 0.004) (Fig. [3](#Fig3){ref-type="fig"}). However, the mean increase in the proportion of people with schizophrenia with elevated cytokines compared to healthy controls seemed modest at 11.4% ± 4.6.Fig. 3Bootstrapping results of cytokine clustering. Bootstrapped probability distribution of the difference between the schizophrenia and control group with elevated cytokines (grey bars). For comparison, a probability distribution function with equal standard deviation, representing no difference between the groups is presented next to the actual distribution (solid black line). The cumulative probability of people with schizophrenia being similarly or less represented in the elevated inflammation clusters is 0.004. The mean increase in the proportion of the schizophrenia group with elevated cytokines compared with the control group was 11.4% ± 4.6

Cytokine protein levels in the cytokine transcript defined inflammatory subgroups {#Sec13}
---------------------------------------------------------------------------------

There was an overall effect of mRNA cytokine expression group on IL-1β protein levels in the plasma (H(3) = 16.48, *p* = 0.001). We found a significant increase in IL-1β in elevated cytokine controls compared to low cytokine controls \[173% (*p* = 0.001), pairwise comparisons with adjusted *p* values for multiple comparisons\], no other subgroup comparisons within the IL-1β protein analyses were significantly different (Fig. [4a](#Fig4){ref-type="fig"}). A borderline overall effect of cytokine expression group was also found for IL-8 protein. IL-8 levels in the plasma (H(3) = 7.76, *p* = 0.051) showed a significant 78% increase in the elevated cytokine schizophrenia subgroup as compared to the low cytokine schizophrenia subgroup (*p* = 0.047) (Fig. [4a](#Fig4){ref-type="fig"}, pairwise comparisons with adjusted *p* values).Fig. 4Cytokine protein levels per cytokine cluster. Protein concentrations normalised to the low cytokine controls for the cytokines IL-1β, IL-6, IL-8 and IL-2 (IL-18 was not measured in the protein), showing distinct pattern differences of protein difference levels between plasma (**a**) and serum (**b)**. Significant differences were found for plasma IL-1β, between low and elevated controls (*p* = 0.001) and for plasma IL-8, between low and elevated schizophrenia patients (*p* = 0.047). Bars represent the mean ± standard error (^*&*^ *p* \< 0.10, \**p* \< 0.05, \*\*\**p* \< 0.001)

In contrast to the plasma, no effects of elevated cytokine expression subgroup on cytokine (IL-1β and IL-8) protein levels were found in the serum (Fig. [4b](#Fig4){ref-type="fig"}). No cytokine subgroup difference was detected for IFNγ, IL-10 and IL-12 protein levels in the plasma (Fig. [5a](#Fig5){ref-type="fig"}) or the serum (Fig. [5b](#Fig5){ref-type="fig"}). However, there was a significant main effect of cytokine expression subgroup on TNFα protein levels in the serum (H(3) = 18.36, *p* \< 0.001). Pairwise comparisons with adjusted *p* values showed significant increases between low cytokine controls and elevated cytokine schizophrenia of 45% (*p* = 0.016), increases between elevated cytokine controls and low cytokine schizophrenia of 44% (*p* = 0.015) and increases between elevated cytokine controls and elevated cytokine schizophrenia of 64% (*p* = 0.002). This shows TNFα was increased in both the elevated and low cytokine subgroups of people with schizophrenia in serum (Fig. [5b](#Fig5){ref-type="fig"}). See Additional file [1](#MOESM1){ref-type="media"}: Table S1 for a summary of all protein percentage difference results.Fig. 5Other cytokine protein levels per cytokine cluster. Protein concentrations normalised to the low cytokine controls for the cytokines IFNγ, IL-10 and IL-12 showed no effect of cytokine cluster groups in the plasma (**a**) or the serum (**b**). For TNFα (serum only), significant differences were found between low cytokine control and elevated cytokine schizophrenia groups (*p* = 0.016), the elevated cytokine control and low cytokine schizophrenia groups (*p* = 0.015) and between the elevated cytokine control and the elevated cytokine schizophrenia group (*p* = 0.002) (**b**). Bars represent the mean ± standard error (\**p* \< 0.05, \*\**p* \< 0.01)

Across level cytokine measures {#Sec14}
------------------------------

We measured four cytokines (IL-1β, IL-2, IL-6 and IL-8) using three different methods (mRNA expression, protein levels in serum and protein levels in plasma). All three levels showed distinct patterns of change as visualised in Figs. [2b](#Fig2){ref-type="fig"} and [4](#Fig4){ref-type="fig"}. The average cytokine expression of the four cytokines measured across mRNA and protein in serum and plasma, relative to the levels of the low inflammation control group, is graphed in Fig. [6](#Fig6){ref-type="fig"}. As compared to low cytokine controls; in elevated cytokine controls on average the mRNA expression for the four cytokines (IL-1β, IL-2, IL-6 and IL-8) was 144% higher, the plasma cytokine proteins were 35% higher and cytokine proteins were 6% higher in the serum. In the low cytokine schizophrenia subgroup, mRNA expression was 11% lower on average; cytokine proteins were 4% higher in the plasma and 22% higher in the serum for the four cytokines compared to the low control subgroup. In the elevated cytokine schizophrenia subgroup, cytokine mRNAs were 89% higher; cytokine proteins were 25% higher in plasma and 25% higher in serum for the four cytokines as compared to low cytokine controls. As may be expected from inspection of Fig. [6](#Fig6){ref-type="fig"}, no significant correlations were found between mRNA expression and protein levels in either the serum or the plasma within individual cytokines. However, significant Spearman's rho correlations (correlation coefficients = 0.217--0.644, *p* = 0.018-- \< 0.001) were found between protein levels in the serum and plasma for IL-1β, IL-2, IL-6 and IL-8. Similarly, we found significant Spearman's rho correlations (correlation coefficients = 0.534--0.600, all *p* \< 0.001) between protein levels in the serum and plasma for the three cytokines (IL-10, IL-12 and IFNγ) that were not measured by mRNA (Additional file [2](#MOESM2){ref-type="media"}: Table S2).Fig. 6Average cytokines in mRNA, plasma and serum per cytokine cluster. Average pro-inflammatory cytokines expression (mRNA) and concentration (plasma, serum) levels compared to low cytokine controls for the four cytokines (IL-1β, IL-6, IL-8 and IL-2) measured by mRNA expression and protein concentrations. In elevated cytokine controls; mRNA was 144% higher, the plasma proteins were 35% higher and proteins were 6% higher in serum. In low cytokine schizophrenia; mRNA was 11% lower, plasma protein were 4% higher and serum proteins were 22% higher. In elevated cytokine schizophrenia, mRNA was 89% higher, plasma proteins were 25% higher and serum proteins were 25% higher

Discussion {#Sec15}
==========

In this study, we found a lower level of mRNA for the anti-inflammatory cytokine IL-2 in the blood of people with schizophrenia. We have also shown higher levels of three pro-inflammatory cytokines IL-6, IL-8 and TNF-α in the serum of people with schizophrenia, indicating a role of moderate chronic inflammation in schizophrenia. An increase in occurrence of the "elevated cytokine subgroup" in schizophrenia was found by measuring transcript levels of cytokines from white blood cells. When comparing our clustering of individuals based on mRNA from blood to clustering of individuals based on mRNA from brain \[[@CR2], [@CR3]\] overall more people fall into the elevated cytokine biotype based on the blood mRNA expression. We did find quite a high proportion of controls who were also classified as having "elevated cytokines" and consequently, the difference between the proportion of people with schizophrenia and healthy controls that fall into the elevated cytokine subgroup is smaller when assayed in blood than in brain. Nonetheless, our study provides further evidence that peripheral cytokine mRNA levels could be used to identify a subgroup of people with schizophrenia who may be in the elevated inflammation biotype \[[@CR6], [@CR2]\].

Overall, in people with schizophrenia, we found a lower mRNA expression level of IL-2, believed to be primarily an anti-inflammatory cytokine, supporting earlier findings of decreased IL-2 protein in serum/plasma of people with schizophrenia \[[@CR11]\]. Thus, it may be that people with schizophrenia have a blunted ability to dampen or attenuate unwanted inflammation via producing less IL-2. IL-2 was once thought to activate T cells, but has recently been identified as critical in activation-induced cell death (AICD) of autoreactive T cells \[[@CR26]\]. Our finding of lower levels of IL-2 mRNA expression in people with schizophrenia may also suggest that in schizophrenia more T cells escape this important regulatory step and thus, people with schizophrenia may be expected to have more self-reactive T cells. Lower levels or lower function of IL-2 may be at least a partial explanation of why more brain autoantibodies can be found in blood and cerebrospinal fluid of people with schizophrenia \[[@CR27]\].

In this study, we did not reproduce our finding of upregulated peripheral IL-1β mRNA expression in the overall group of people with schizophrenia, previously reported in a subset of this cohort \[[@CR6]\]. However, in this analysis we may have introduced some variance by assaying subjects at two different time points, so failure to find overall increases should be taken with caution. IL-1β is considered a master regulator of neuroinflammation \[[@CR28]\], and in this cohort, high levels of IL-1β mRNA correlated with increased protein levels of IL6 and TNF alpha. Additionally, IL-1β expression was informative in the cluster analysis to identify the high inflammatory biotype and tended to correspond with high levels in other cytokine mRNA (data not shown) as found before \[[@CR6]\] confirming IL-1β as a major player in inflammation.

In our analysis of protein levels of cytokines, we found significant increases in serum protein levels for the cytokines IL-6, IL-8 and TNFα in the whole group of people with schizophrenia compared to the whole group of healthy controls. TNFα has recently been reported to also be upregulated in the plasma of people with schizophrenia \[[@CR29]\]. Since peripheral IL-6 and TNFα are considered to be mainly macrophage-derived cytokines \[[@CR30]\], this suggests an over-activity of monocytes capable of transmigrating into tissue differentiating as macrophages and phagocytosing cellular and subcellular substrates in tissues, possibly the brain, in people with schizophrenia. In brain, we and others find an upregulation of IL-6 and IL-8 mRNA expression in the dorsal lateral prefrontal cortex (DLPFC) of people with schizophrenia compared to controls \[[@CR2], [@CR4]\], but no change in TNFα \[[@CR3], [@CR29]\]. In the brain, the resident immune cells or microglia can also produce these pro-inflammatory cytokines and several recent studies have identified increased activated microglial binding with the PK11195 ligand in the brains of people with schizophrenia compared to healthy controls \[[@CR31]--[@CR33]\] corresponding to the increase in microglia density found by direct immunohistochemical measures in post-mortem brains by our group \[[@CR2]\] and others \[[@CR34], [@CR35]\]. A recent study by Bloomfield et al. used the PBR28 ligand to monitor microglia activity in individuals in two cohorts, (1) a neuroleptic naïve group at ultra-high risk of developing schizophrenia and (2) a group with chronic schizophrenia \[[@CR36]\]. Importantly, they found increased binding in both cohorts suggesting that changes in microglia may be found throughout the course of schizophrenia. Furthermore, increases in microglial binding in those at high risk of developing psychosis were highly correlated with positive symptoms \[[@CR36]\] similar to the findings reported in the NAPLS study using blood biomarkers of inflammation \[[@CR14]\]. These studies suggest that increases in brain microglia are most likely not secondary to antipsychotic medications, and this proposition is further supported by clinical work showing that antipsychotics decrease cytokine expression \[[@CR37]--[@CR39]\]. However, a few other studies suggest that microglial activation via positon emission tomography (PET) is not easily found at various stages of schizophrenia \[[@CR40]--[@CR42]\].

Thus, the work to date suggests that neuroinflammation is a part of the pathophysiology of schizophrenia, may be directly related to the experience of psychosis and may be able to be targeted with treatment before the first full blown episode of psychosis emerges. However, since other imaging studies are suggesting that there may be no change or even a reduction in the microglia-related signal in some people with schizophrenia \[[@CR1]\], further studies into microglia in the schizophrenic brain are required. Our work suggests that increases in blood cytokines, especially in IL-6, IL-8 and TNFα, persist beyond early psychosis and can be found in chronic patients even when stabilised on antipsychotic medications.

Previously, we have reported that \~ 40% of people with schizophrenia are in the high inflammatory biotype in the blood and brain compared to 20% of healthy controls in peripheral blood \[[@CR6]\] and 10% of healthy controls in post-mortem prefrontal cortex tissue \[[@CR2]\]. Here, we observe a proportion of 48% of people with schizophrenia having elevated peripheral cytokine expression levels as compared to 32% of healthy controls, showing slightly higher proportions of people with the elevated cytokine biotype in both people with schizophrenia and healthy controls. Bootstrapping demonstrated that this difference in the proportion of people with schizophrenia with the elevated cytokine biotype relative to healthy controls is statistically significant, but likely smaller than the 16% reported in our primary analysis with an estimated mean difference of \~ 11%. This difference in this clinical cohort based on measurements from blood is smaller than the percentage difference in the elevated cytokine subgroups from the perspective of measuring cytokine mRNA in the post-mortem brain. This smaller difference may be partly explained by the many sources for blood cytokines related to inflammation in a range of peripheral tissues. Our results support the general concession that elevated blood cytokines are not specific to schizophrenia. Although not significant for all cytokines in this study, the mRNA expression seems to in fact be higher in the elevated control group than in the elevated schizophrenia group; this could indicate that healthy controls are able to mount more of a cytokine response than schizophrenia patients where there may be more of a blunted response to inflammatory triggering events. Within the schizophrenia group, we did not find a clinical difference for any of the measurements for symptom severity (PANSS---positive, negative, general and total) based on cytokine expression subgroup, confirming some other studies indicating that elevated peripheral inflammation does not necessarily correlate with symptom severity in chronically ill patients receiving antipsychotic treatment \[[@CR43], [@CR44]\].

While the underlying cause of the cytokine dysregulation we have found here is not known, decreased IL-2 \[[@CR45]\], increased IL-6 \[[@CR46]\], IL-8 and TNFα \[[@CR47]\] have all been associated with *Toxoplasma gondii* infections, of which the seroprevelance is increased in schizophrenia \[[@CR48]\]. However, increases in IL-6, IL-8 and TNFα are also associated with a wide variety of immune activity like acute-phase response \[[@CR49]\] (e.g. sepsis and viral infections) and autoimmunity \[[@CR50]\] which also can be related to schizophrenia \[[@CR51]\]. Many other cytokines are associated with the response to viral and bacterial infections for which we did not observe significant changes or were not assessed in this study, making causality of the cytokine dysregulation observed in schizophrenia at this stage speculative. One further possibility is that certain genetic factors may predispose people with schizophrenia towards immune dysregulation as a recent genome-wide association study in schizophrenia identified genes on the human leukocyte antigen locus as one of the strongest associations with schizophrenia \[[@CR52]\].

We did not find mRNA expression to correspond with protein levels suggesting that white blood cells may not be the main source of peripheral cytokine proteins. Indeed, a wide range of cells are known to secrete cytokines, including fibroblasts, adipocytes, endothelial cells, neurons \[[@CR53]\], heart- \[[@CR54]\] and liver \[[@CR55]\] cells. Differences between protein concentrations in the serum and plasma, where we found diagnostic differences for IL-6, IL-8 and TNFα in the serum but not the plasma, are most likely caused by the removal of some sources of cytokines in the plasma. In plasma, platelets as well as fibrinogens are largely removed resulting in different protein concentrations and biocompartments as compared to serum \[[@CR56], [@CR57]\]. The plasma was centrifuged without clotting, a step that should remove 95% of all platelets \[[@CR58]\]. Platelets can produce and store cytokines and other mediators of inflammation in α-granules \[[@CR59], [@CR60]\]. This suggests that people with schizophrenia in our cohort may have increased cytokine levels within the blood platelets compared to healthy controls as in this cohort platelet counts were not increased in people with schizophrenia (data not shown).

There are several limitations of our study. The interrelationships between cytokines are common and complex and an inflammatory response triggers a cascade of molecular changes. The present study provides cytokine levels for only one snapshot in time; longitudinal studies are required to study cytokine dysregulations in schizophrenia across the disease course. A possible confound in our study was that all patients in our study were receiving antipsychotics which are known to affect cytokine levels \[[@CR12]\]. Further, many of our patients had high BMIs \[[@CR61]\] which in turn can cause elevations in blood cytokines through release of cytokines such as IL-6 and TNFα from fat cells \[[@CR62]\]. However, antipsychotic doses (chlorpromazine equivalent) and BMI did not differ between normal and elevated cytokine expression groups for people with schizophrenia in our study. In support of our interpretation, other studies suggest that increased incidence of elevated cytokine expression is not just an effect of treatment or BMI. For example, Beumer et al. showed that increases in circulating levels of IL-1β, IL-6 and TNFα are not associated with metabolic syndrome in schizophrenia \[[@CR30]\], and Fernandes et al. showed by meta-analysis that CRP is not related to antipsychotic dose in schizophrenia \[[@CR63]\]. However, multiple bio behavioural factors are known to have an effect on circulating inflammatory markers \[[@CR64]\] including psychological stress \[[@CR65]\] and depression \[[@CR66]\], which have not been examined in this study. The inter-plate variance of our protein assays, especially in the plasma was quite high. Cytokines are not highly abundant in the periphery of relatively healthy people \[[@CR67]\] and most individuals were towards the lower end of detection for these assays, which may have increased the variability of our data. Despite this, our cytokine assays did have reasonable lower limits of detection with relatively few missing data point for most assays.

Conclusion {#Sec16}
==========

We have highlighted that depending on the level of measurement (mRNA, serum- or plasma proteins), the magnitude and even the type of cytokines that are elevated in a subgroup of people with schizophrenia are not consistent. This raises the question whether similar biotypes can be identified when measuring blood proteins instead of mRNA expression levels. Further studies of this and other independent cohorts are required to identify the best panel and measurement level of inflammatory markers in the periphery of people with schizophrenia to identify the elevated cytokine biotype. In the meantime, we advise that it may be important to collect mRNA, serum and plasma levels for comparisons in future studies in schizophrenia research. We suggest that further interrogation of transcriptional changes in white blood cells may help to identify the reasons why peripheral cytokines are elevated in a subset of people with schizophrenia.
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ACD-B

:   Acid citrate dextrose solution B

BMI

:   Body mass index

CRP

:   C-reactive protein

DSM

:   Diagnostic and Statistical Manual of Mental Disorders

EDTA

:   Ethylenediaminetetraacetic acid

GLM

:   General linear model

IFNγ

:   Interferon gamma

IL-(x)

:   Interleukin

IL-1RA

:   Interleukin-1 receptor antagonist

PANSS

:   Positive and negative symptom scale

RIN

:   RNA integrity number

sIL-2R

:   Soluble interleukin-2 receptor

SST

:   Serum separating tubes

TGF-β

:   Transforming growth factor beta

TNFα

:   Tumour necrosis factor alpha
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